Abstract-The desorption kinetics of hexachlorobenzene (HCB) and 2,4,4Ј-trichlororbiphenyl (PCB 28) spiked to a field sediment were studied using a gas-purge technique. A contact time of up to 1,461 d was used to assess long-term changes in desorption kinetics. Purge-induced desorption experiments lasted from 300 to more than 4,000 h. Fast-, slow-, and very-slow-desorbing fractions could be distinguished. The desorption patterns changed with contact time from mainly fast-and slow-desorbing fractions toward the domination of slow-and very-slow-desorbing fractions. The desorption pattern for HCB after a contact time of 1,461 d became comparable to previously reported desorption patterns observed for in situ contaminants. An additional spike of HCB, PCB 28, 2,4,6-trichlorobiphenyl, and 2,2Ј,4,5Ј-tetrachlorobiphenyl applied to the sediment purged for more than 4,000 h showed that very slow sites were accessible for these compounds within a few hours. Only very small fast-desorbing fractions could be detected after a contact time of just 48 h. These results indicate that domination of very slow desorption is caused not only by long contact times but, perhaps, also by the accessibility of specific sites within the sediment matrix.
INTRODUCTION
Desorption kinetics of spiked organic compounds in sediments have been studied extensively by various research groups. Most researchers agree that desorption of compounds that have been in contact with sediments or soils for some time does not proceed in a single kinetic step [1] [2] [3] [4] . Part of the sorbed chemical may become sequestered within the sediment matrix with prolonged contact time, resulting in slow release. This slow release may limit extractability, biodegradation, bioremediation, and uptake by organisms [5, 6] . The governing mechanisms for this process have received a lot of attention in the recent literature [1, 2, [6] [7] [8] . In several publications, authors have proposed that rate-limited sorption is caused by the more favorable interactions of compounds with condensed regions or soot-like structures within the organic carbon (OC) matrix [4, [9] [10] [11] . These regions may be present at remote areas within the OC matrix, making slow diffusion to these regions an additional important factor in studies involving a long contact time.
Several studies have described the long-term release of in situ contaminants from sediment. Cornelissen [6] , ten Hulscher et al. [12] , and Kan et al. [13] reported that two kinetically different fractions could be observed when extending desorption periods for more than several hundreds of hours. Those two fractions were termed slow-and very-slow-desorbing fractions [6, 12] . The very-slow-desorbing fraction has been shown to dominate the desorption pattern of in situ contaminants in Lake Ketelmeer (The Netherlands) sediment: For some compounds, more than 90% desorbed very slowly [12] . Such a very-slow-desorption step for contaminants in field material * To whom correspondence may be addressed (d.thulscher@riza.rws.minvenw.nl). also has been observed by others [13] [14] [15] [16] [17] [18] [19] . In all cases, the fact that contact times of years existed for the studied material has been brought forward as an explanation for the observed slow and very slow desorption from field-contaminated sediments.
In the present study, Lake Ketelmeer sediment was spiked with hexachlorobenzene (HCB) and 2,4,4Ј-trichlorobiphenyl (PCB 28) to study the influence of long contact times on desorption kinetics. The aim of the present study was to assess whether observed desorption patterns became comparable to what has been observed already for in situ contaminants in sediment from the same sampling location when realizing extremely long contact times of 1,461 d (four years). For the longest contact time, the desorption experiments lasted for more than 4,000 h. These experiments were performed to establish whether the slow-desorption rate constant of the studied compounds had fixed values. Accessibility of very slow sites after purging was tested by respiking the sediment with HCB, PCB 28, 2,4,6-trichlorobiphenyl (PCB 30), and 2,2Ј,4,5Ј-tetrachlorobiphenyl (PCB 49) and subsequent determination of the desorption kinetics.
MATERIALS AND METHODS

Materials
For the desorption studies, the 30-to 60-cm section of a sediment core taken from Lake Ketelmeer (The Netherlands) was used. The sediment core was sampled with an open auger (diameter, 0.15 m; average length, ϳ1 m). The sediment was stored under water at Ϯ5ЊC after sampling. The OC content was determined to be 7.0% using an element analyzer (Carlo Erba NA 1500, Milan, Italy) after removal of carbonates using phosphoric acid. The OC content did not change during the long contact times employed. The grain-size distribution of the suspended sediment was measured before and after desorption experiments using a Malvern Mastersizer MS20 (Malvern, Worcestershire, UK). No differences in grain-size distribution could be detected this way. The compounds used for spiking the sediment suspensions were HCB, PCB 28, PCB 30, and PCB 49, all of which were from Boom (Meppel, The Netherlands). We used methanol from Baker (Deventer, The Netherlands), hexane from Promochem (Wesel, Germany), and Tenax-TA (60-80 mesh) from Chrompack (Bergen op Zoom, The Netherlands). All chemicals were of the highest available quality and were used without further purification. Tenax was washed with hexane before use.
Spiking of sediment suspensions
Hexachlorobenzene and PCB 28 were added to the sediment in methanol as a carrier. Seventy microliters of methanol were added to the 1-L suspensions. The spiked amount of HCB resulted in a concentration of 860 g/kg dry weight in the sediment suspensions. The PCB 28 concentration after spiking was 300 g/kg dry weight, which is approximately 10-fold the background concentration for both compounds.
After termination of the 4,000-h purge experiment for the longest contact time (see below), an additional amount of HCB, PCB 28, PCB 30, and PCB 49 was added to the suspension. All compounds were added to the sediment in methanol as a carrier in the same manner as that described above. For HCB and PCB 28, the same amounts as in the first experiment were spiked. For PCB 30 and PCB 49, spiking resulted in a concentration of approximately 480 to 500 g/kg dry weight. Background concentrations of PCB 30 and PCB 49 were less than the detection limits in the Lake Ketelmeer sediment.
Desorption experiments, extraction, cleanup, and chemical analyses
The gas-purge desorption experiments were performed as described previously [20] . In short, duplicate sediment samples of 25 g wet weight (ϳ40% dry wt) were suspended in two flasks, each containing a total volume of approximately 1 L of water with a composition resembling that of freshwater for each experiment [20] . The gas-purge desorption experiments were carried out after several contact times. The suspensions were purged with air from an oil-free compressor. Average purge rates were 850 and 900 ml/min. Gas flow was regulated with pressure regulators and checked regularly with a soapbubble flowmeter (109 times during the entire experiment). The experiments lasted between 300 and 500 h, and traps were exchanged 13 to 20 times. For the experiment with the longest contact time, the gas purge lasted approximately 4,000 h, and Tenax traps were exchanged 20 times. This was done to determine the constancy of the rate constant for very slow desorption.
The procedures used for the extraction, cleanup, and chemical analyses have been described previously [21] . In short, dried sediments (subsamples) were extracted with acetone and petroleum ether at 20ЊC (for the 2-and 180-d contact times), and subsamples of the sediment suspensions were extracted with hexane refluxing for approximately 6 h (for the 620-and 1,461-d contact times). Both extraction procedures gave identical results. The efficiencies of both methods of sediment extraction did not differ significantly and were 101% Ϯ 10% and 98% Ϯ 8% (n ϭ 6; Ϯ standard error throughout). Tenax traps were eluted with 10 ml of hexane. The extraction efficiencies of the Tenax traps for HCB and PCBs were determined to be 95% Ϯ 15%. Hexachlorobenzene and PCBs were analyzed with a Hewlett-Packard (Amstelveen, The Netherlands) 5890 gas chromatograph with electron-capture detection as described previously [20] . Temperature programs varied depending on the specific set of compounds being analyzed. Runs were made in splitless mode. Concentrations were determined relative to external standards.
Mass balances and recoveries
Several control measurements were performed. First, the recovery of the spike of both compounds was determined at each contact time experiment to determine whether losses had occurred during storage. The measured recoveries of spiked HCB for all contact times were, on average, 80% Ϯ 5%; no decrease with contact time was observed. For PCB 28, the recovery after a 180-d contact time was 96% Ϯ 6%, but after a 620-d contact time, considerable losses had occurred. Only 30% of the spiked amount could be recovered by extraction. Therefore, for PCB 28, only the results for the contact times up to 180 d are shown. The recoveries of the respike of HCB and three PCBs were, on average, 79% Ϯ 4% (n ϭ 8).
For each purge experiment, mass balances were calculated using Equation 1:
where M end is the mass measured in the suspension after termination of the desorption experiment, ⌺M tenax is the summed mass measured on the Tenax columns at each measurement interval, and M start is the mass measured at the start of the experiment. The mass balances for the desorption experiments to determine the influence of long contact times were, on average, 90% Ϯ 17%. The mass balance of the purge experiments after respiking (HCB and three PCBs) was 99% Ϯ 8% (n ϭ 8). For the calculation of rate constants and fast-, slow-, and very-slow-desorbing fractions, the total amount desorbed plus the amount remaining in the suspension was used.
Data interpretation
The use of gas purging to measure desorption of chemicals from either field-contaminated or spiked sediments provides kinetic information for compounds with high volatilization rates (e.g., chlorobenzenes and lower-chlorinated PCBs). Desorption kinetics of organic compounds from sediment consists of fast, slow, and very slow fractions. This can be modeled with a three-compartment model [12] :
where M t and M 0 are the mass of compound in the sediment suspension at time t and the start of the experiment, respectively; F 1 , F 2 , and F 3 are the fast-, slow-, and very-slow-desorbing mass fractions, respectively; k 1 , k 2 , and k 3 (1/h) are the rate constants for fast, slow, and very slow desorption, respectively. Note that the term F 3 does not appear in Equation 2; however, F 3 is defined as (1 Ϫ F 1 Ϫ F 2 ), which does appear. In some cases, only slow and very slow desorption was observed (F 1 ϭ 0). In the case of such a two-compartment model with F 1 ϭ 0, F 3 reduces to (1 Ϫ F 2 ), and Equation 2 reduces as follows:
Environ. Toxicol. Chem. 24, 2005 T.E.M ten Hulscher et al. b For these contact times, the fast fractions were so small that the desorption curves could only be fitted with a two-compartment model. The fast fraction was estimated from the amount that desorbed in the first 8 h of the experiment. c ND ϭ not detectable.
The logarithmic form of Equation 2 or 3 was used for determination of the relevant parameters by exponential curve fitting and minimizing the squares of the differences between measured and calculated values using Microsoft Excel Solver [22] (Redmond, WA, USA).
RESULTS
Influence of long contact times
All desorption curves were modeled with the two-or threecompartment model described above. Use of a three-compartment model was found to be significantly better than use of a two-compartment model for most of the contact times studied (F test on least squares of Eqns. 1 and 2, ␣ ϭ 0.05). Examples of measured desorption curves are shown in Figure 1 .
For the extended contact times, the fast fractions became very low. In these cases, use of the three-compartment model was not significantly better than use of the two-compartment model. Therefore, the two-compartment model was used to determine slow and very slow fractions and rate constants. However, the presence of a small fast-desorbing fraction cannot be ruled out, so in those cases when the two-compartment model had to be used, the fast fraction was estimated from the mass that had desorbed during the first 8 h of purging. We have shown previously that this can be used as a reasonable estimation of the mass present in the fast fraction [12] .
In one of the experiments, desorption time was extended to more than 4,000 h to assess whether the very-slow-desorption rate constant would change with extended desorption times. Although use of two-or three-compartment models has been questioned [23] , our findings showed that the very-slowdesorption rate constant was, indeed, constant for these desorption times. For the time interval between 1,000 and 4,000 h of purging, the decrease of ln(M t /M 0 ) was linear with time (the r 2 values of the linear regressions were 0.98 and 0.96 for the duplicate experiments). This also indicates that no changes occurred that influenced the purging efficiency of the compounds, because this would have led to a decrease in the amount of compounds purged from the solution and been visible as a bending of the curve.
The rate constants and fractions that were obtained from modeling the desorption curves with Equation 1 or 2 are presented in Table 1 . The fast-desorbing fractions that were estimated from the amount desorbing in the first 8 h of the experiments are marked. The rate constants for fast, slow, and very slow desorption did not show much variation between contact times and compounds. The rate constants in Table 1 are comparable to our earlier findings for in situ contaminants in the same sediment [12] . The rate constants for slow and very slow desorption are of the same order of magnitude as those found in studies that used a different desorption method (i.e., Tenax extraction) [6, 13, 19, 24] . Because both methods used very different ways of reducing the concentration in the water phase, this indicated that in both cases, the same process (desorption from sediment to the water phase) was studied.
Respike after purging
After termination of gas purging for approximately 4,000 h for the 1,461-d contact time, the purged sediments were respiked with a mix of HCB and three PCBs; PCB 30 and PCB 49 could not be detected in the in situ sediment. After a Long contact times influence sorption kinetics Environ. Toxicol. Chem. 24, 2005 2157 Fig. 2 . Desorption curves after respike of contaminants. Hexachlorobenzene (HCB) and three polychlorinated biphenyls (PCB) were respiked to sediments that had been purged for 4,000 h. M t /M 0 ϭ mass fraction remaining. Fig. 3 . The decrease in fast-desorbing fractions of hexachlorobenzene up to four years after spiking.
contact time of 2 d, these sediments were purged again to determine desorption rate constants and fractions. Desorption curves for the respiked sediment are shown in Figure 2 . The values for the rate constants and fractions derived from these curves are shown in Table 2 . For all compounds, only very small fast-desorbing fractions were observed. Because of the extremely small fast fractions, the three-phase model was not significantly better than the two-phase model. Only the slow-and very-slow-desorbing fractions could be fitted with the model. The fast fraction again was estimated from the amount that desorbed after 8 h of purging (see above).
When comparing the results of the respike to the HCBdesorption curve after a 2-d contact time at the start of our experiments ( Fig. 1 and Table 1 ), the difference was very pronounced. The rate constants for desorption of the respiked contaminants were comparable to those found in the experiment with a long contact time, but the fractions were very different: Fast and slow fractions only accounted for 3.7% of the mass in the sediment after respike, whereas these fractions accounted for 76.4% of the mass after the first spike.
DISCUSSION
Influence of long contact times
The decrease in the fast fraction with prolonged contact time was described in a manner analogous to that used for desorption curves. We plotted ln(fast fraction) against time (Fig. 3) . The decrease in fast fraction when plotted this way showed a linear relationship with contact time. The slope of this line represents a first-order rate constant for the disappearance of compounds from the fast fraction. The value of this rate constant (k ϭ 0.75 ϫ 10 Ϫ4 1/h; half-life, ϳ288 d) closely resembles the values for the very-slow-desorption rate constants for this compound (0.5-1.2 ϫ 10 Ϫ4 /h) ( Table 1 ). The value is within the range of half-lives for apparent loss of polycyclic aromatic hydrocarbons (PAHs) by sequestration that were reported by Northcott and Jones [25] .
One explanation of our findings could be that sorbed compounds at fast sites migrate to very slow, condensed sites. That the rate constants for both processes are very similar suggests this is a reversible process and could indicate diffusion of compounds to and from remote sites.
Other explanations, however, also are possible. Besides diffusion, the decrease in fast fraction also could be determined by the accessibility of remote sites. When these sites are occupied by competing compounds, the rate of release of competing compounds from these sites may be the rate-limiting step. In that case, the very-slow-desorption step of competing compounds determines the rate of decrease of the fast fraction. We have observed previously that very-slow-desorption rate constants are relatively constant for a range of compounds [12, 19] . Therefore, the very-slow-desorption rate constant of competing compounds is expected to be comparable to the very-slow-desorption rates that we measured in the purgeinduced desorption experiments, as was concluded in our interpretation. Further evidence for this interpretation was obtained from the results of our respike experiment (discussed below).
Contact time versus accessibility of sites
The results of our respike experiment have shown not only that long contact times lead to a large fraction of the compounds present that desorbs very slowly but also that contact times of only 2 d resulted in mainly very-slow-desorbing fractions. This observation may be explained by an enhanced accessibility of these very slow sites.
The sediment for the respike was first used in a 4,000-h purge experiment. This may have caused several changes in the sediment. We measured both OC content and grain-size distribution before and after purging in a separate experiment, and we could not detect differences.
A possible explanation of our results is that these sites were occupied by competing molecules that desorbed from those sites during the extended purge experiments. The presence of competing compounds has been shown to influence nonlinear sorption [26] [27] [28] [29] [30] . The amount of compounds that can be sorbed by these sites has been shown to be limited [6, 31, 32] .
When naturally occurring compounds already occupied a substantial fraction of the sites, spiking of the sediment could have resulted in only a small fraction of the spike being sorbed by these very slow sites. Extending the contact time may have resulted in a competition between spiked compounds and native compounds, resulting in higher fractions being sorbed at very slow sites with extended contact time. The competing compounds may have been desorbed from the very slow sites and purged from the suspension during the 4,000-h experiment. Respiking the sediment after termination of the purge experiment may then show much higher fractions being sorbed at very slow sites.
Another possible explanation may be that purging has altered the structure and properties of the OC, resulting in an increased number of very-slow-sorption sites in the OC. However, because sorption in the very-slow-desorbing domain is Environ. Toxicol. Chem. 24, 2005 T.E.M ten Hulscher et al. proposed to be related to black carbon types of material [3, 33, 34] , formation of this type of site by prolonged purging seems to be unlikely. The interpretation of our results as a competition effect between spiked compounds and native compounds is supported by the results of several research groups. Cornelissen [6] showed that the presence of various other compounds in sediment (e.g., oil, chlorobenzenes, and PAHs) inhibited the formation of slowly desorbing amounts of laboratory-added compounds. Kohl and Rice [27] found that the removal of lipids increased the extent of nonlinear sorption. Xing and Pignatello [28] also found evidence of competition between naturally occurring aromatic acids and spiked chlorobenzene or chlorophenol. Van den Heuvel and van Noort [32] removed indigenous compounds (in this case, other PAHs) from sediment to determine maximum capacities for adsorption of phenanthrene. They found increasing capacities for sorption at very slow sites when using more rigorous methods to remove competing compounds. In all these cases, sorption was suppressed, or sites were assumed to be blocked by the presence of competing compounds. Weber et al. [30] also showed partial displacement of sorbed phenanthrene to the solution phase after addition of high concentrations of competing compounds. Also, Kukkonen et al. [24] found a positive correlation between the size of the rapidly and slowly desorbing fraction and the presence of pigments and lipids in the sediment; this also can be interpreted as a competition effect.
Further support for this interpretation is found in a recent study that determined maximum capacities for adsorption of phenanthrene for 18 soils and sediments, including Lake Ketelmeer [35] . These maximum capacities were 2,170 g/g of OC, or 12.2 mol/g of OC for the slowly desorbing domain, and 1,060 g/g of OC, or 5.9 mol/g of OC for the very slowly desorbing domain. Although maximum capacities were measured only for phenanthrene, this does give an indication of the maximum capacities for other compounds, because very slow desorption is occurring for a range of compounds, including phenanthrene. Our additional spike resulted in a total concentration of 0.28 mol/g of OC, which is well below the maximum capacity of both the slow-and very-slow-desorbing domain.
Also, our observations of increasing distribution coefficients with prolonged purging support the above interpretation [21] . Observed distribution coefficients at the end of a purging experiment were similar to reported sorption coefficients for soot carbon. These values had increased with a factor of 10 to 100 during the purge experiment. The stripping of native, competing compounds during the 4,000 h of purging may have caused this. From the present results, we conclude not only that long contact times but also the accessibility of sites may be an important factor determining both the rate and extent of sorption at very slow sites.
